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SUMMARY
!n !t!S}gslslERSÅíU,lh dos r 11u :!}ulg y!!!brum chromatophores, the oxidation of NADH by molecular oxygen was mostly exhibited by two different respiratory systemg, one beiug composediof ' NADH:hemeprotein oxidoreductase (enzyme-H), flavin, cytochrome E and ubiquinone-10, and the other of NADH:quinone oxidoreduetase (enzyme-Q) and flavin. Contributions of these two systems to the respiration were nearly equal. ATP formation was coupied ' ' with both systems. Added cytochrome s2 was reduc'ed by the system involving enzyme•-H, whereas 2.6-dichlorophenol indophenol (DCPI) by the system involving ' enzyme-Q. Since the rate of oxidation was depressed to half when chromatophores were incubated either with the antiserum against enzyme-H (antiserum-H) or with the antiserum against enzyme-Q (antiserum-Q), it is probable that the molecules of enayme-H and enzyme-Q were bound on the surfaCe of chromatophore membrane in such a manner that the antibodies would combine with the respective enzymes.
The system involving enzyme-Q was able to reduce bound quinone at a relatively slow rate. In intact chromatophores, carbon monoxide did not combine with the bound cytochrome B as well as the bound cytochrome cct, aithough these hemeproteins -•-"-• became to be combined with carbon monoxide when chromatophore membrane was impaired.
Conceivably, the main sites responsible for the reduction of molecuZar oxygen were the quinone in the sygtem involving enzyme-H, and the flavin in the system (2) involving enzyme-Q. lt was found by Geiler (A,a) and by Geller and Lipraann (S2) that chromatophores from the photosynthetic bacteria, !S:.sy!!ru!!!rubrura, are able to eatalyze the oxidation of NADH by molecular oxygen, which is capable of coupling the formation of ATP frorn ' ADP and Pi (.E!-g). Yamashita sl! g:IL. (S) found that, in chromatophores, there were two electron transport systems different in optimum pH, and they suggested the presence of two kinds of NADH dehydrogenases. Later, Horio et ai. (5) succeeded in ---' purification of NADH:heraeprotein oxidoreductase (NADH:hemeprotein oxidoreductase, !I!2 1.6.99.3) and NADH:quinone oxidoreductase (NADH:quinone oxidoreductase, ve 1.6.99.2) from extracts of the light-grown cellg. Both purified enzymes were ' . free of flavin ; thus, they were inactive unless flavin was added. They found ,"t also that purified enzyme-H, if added to chromatophores, without addition of soluble flavin, could catalyz'e reductions by NADH of the cytochrome g (S) and the ' ' ' quinones, which were bound with chromatophores. Using antibodieg against pure .t 1• preparations of enzyme-H and enzyme.Q, it was previously demonstrated that chromatophore membrane possesses both enzymeg, and that the bound enzyme-H is functional in the reduction of bound cytochrome E by NADH, but not the bound ' ' cytochrome ÅístL', and suggested that bound enzyme-H eatalyzes the electron transfer from NADH to the photosynthetic, cyclic electron transport system. .
• The present paper deals with immunological studies on functions of enzyme-H and enzyme-Q in the oxidation ef NADH by molecular oxygen in chromatophores. 
MATERIALS AND METHODS
The bZue-green mutant strain (GF9) of IS:.-Iy!l-!!!rubrum was used; The cells were grown in the light, and chromatophores were prepared therefrom, aceording to the method deseribed previously (S). Chromatophores thus prepared were wa6hed with apprexirna'tely 100 volumes of water, and then lyophilized (lyophiiized chromatophores).
Lyophilized ehromatophores were suspended in isooctane (rnV36 nmoles of bacterio" ehlorophyll). The resulting suspension was homogenized, and stirred gently for one hr in an ice-water bath, fonowed by centrifugation (2). The resulting ' precipitate and supernatant are called ttextracted chromatophores'i and ttisooctane ' extract", respectively. Higuti in our laboratory found that approximately 90% of the amounts of the bound quinones (ubiquinone-10 and rhodoquinone) (Z) were extracted by the procedure described above (personal cosnmunication). Half the amount of the resulting extracted ehromatophores wag suspended in half the volume of the resulting isooctane extract. The suspension thus prepared was placed under vacuum in order to remove the isooetane. The resulting dried material is called ttreconstructed ' ' chromatophoreste. Lyophi.lized, extraeted and reconstructed chromatophores were separately suspended in such volumes of O.1 M Tris-HCI buffer (pH 8.0) that the -' resulting suspensions would show As73 nm = 50. These suspensions were usedifor , activity assay.
Einzyme-H and enzyme-Q were purified by the method previeusly degeribed (E). ' t.
Crystalline cytochrome g2 was purified frorn light-grown eells of Sin, , }}}l }lgrubrum aecording to the method of Bartsch et al. (8) . Antiserum against enzyrne-H !"--(antiserum-H) and antiserum against enzyme-Q (antiserum-Q) were prepared by thee method described in the preceding paper (g).
-' The activities' of chromatophores in darkness for cytoehrome ac reduction by (4) NADH and for 2.6-dichlorophenol indophenol (DCPI) reduction by NADH were measured by the method described previously (9,20Si). The activity in darkness for NADH-02 reduction was spectrophotometrically raeagured at reom temperature (240C), in which the rate of NAI}H oxidation was estimated on the basig of the decrease in absorbance ' at 340 nm. The molar extinction of NADH at 340 nm was taken as 6.2 x 103 (.1;1).
The reaction mixture was composed of 20 mM Tris-nc1 buffer (pH 6.9 or pH 8.0), 2 mM NADH and a chromatophore preparation (22 nmoles of bacterioehlorophyll) in = ' O.3 ml. In sorne cases were used the chromatophores that had been incubated' with normal serum or antiserum at pH 6.9 or pH 8.0. The method for incubation was previously ' described in detail (2,LO). The activity of chromatophores in darkness for oxidative , was added to the sarnple cuvette. Liquid paraffin was laid over the reaction mixture ; thus, anaerobic eonditions were attained,by the oxidation of substrate. (5) It is known that such a coneentration of ascorbate reduces the bound cytochrOMe s2 completely, but barely the bound cytochrome sEft4t or cytochrome g,i whereas SuCCinate reduces the bound cytochrome g2 and cytochrome sistLt (S). With the same sample and reference cu"ettes, the difference speetrum wag meagured repeatedly. When the ' ' reduction of bound cytoehrome E or bound cytochrome gsc;' reached the steady state, carbon monoxide was bubbled into the sample cuvette for 5 min at room temperature (20-240C), followed by measurement of the difference spectrum. These difference spectra were automatically and repeatedly measured by a Cary model-17 spectrophotometer super'vised'by a Varian Spectrophotosystem-100 ( ---
RESULTS

Effect of extraction of uinones from chromato hores on NADH-c tochrome C2
reduction and NADH-DCPI reduction.
It was demonstrated by OkaYama s"t g,IL. (Z) that when quinoneg were extracted from chromatophores, the photosynthetic ATP formation was depressed, and that when the extracted quinones were added baek, it was restored to the original level. Of the extracted quinones, ubiquinone-10 and rhodoquinone, only the former was effective.
The activities for NADH-cytochronye Åí2 reduction and NADH-DCPI reduction varied from one chromatophore preparation to another. In addition, these activities remaining .7
after lyophilization of chromatophores varied to significant extents. rt was found ' that by extraction of quinones from chromatophores, the remaining activity for NAJ)H.DCPI reduction was no 16nger influenced, whereas approximately 90% of the ' remaining activity for NADH"cytochrome g2 reduction was further decreased (Table I) .
' ' Table 1 ( 7) When the extracted quinones were added back, the activity for NADH-cytochrome 92 reduction was restored to 30%. The restoration was reproducible in repeated experiments, although the restored activity was far below the activity before .
extraction. The inhibition of the electron transport gystem, antimycin A, inhibited half the activities with non-treated, lyophilized and reconstructed chromatophores, but barely the activity with isooctane-extracted chromatophores, at a coneentration ' of 5 pg!ml, at which the photosynthetic ATP formation could be completely inhibited (4). These results suggest that quinones were involved in the system for NADH---cytochrome g2 reduction, but not the system for NADH-ncPI reduetien. of molecular oxygen gave essentially the same results (Table III) . This suggests Table,XII that in chromatophores, approximately half the activity for oxygen 'uptake by NADH was brought about by the system involving enzyme-H, the remainder by the system involving enzyme-Q. The fact that the activities for NADH-02 reduetion and eoupled ' ATP formation were signif' icantly s.tirnulated by normal serum, suggests the possibility ' that some moleculeg present•in the preparation of norrnal serum could combine with chromatophore membrane. When both enzyme--H and enzyme-Q were simultaneously added, the activities for NADH-02 reduction and eoupled ATP formation were inhibited to a higher extent than when any one of these two antisera was added. The extent of the ' -l inhibition by the simultaneous addition of the two antisera was partially additive.
This may be explained as fol16ws. Besides the formation of' immunological complex with . ' ' bound enzyme-H and enzyme-Q, some of the molecules contained in preparations ' of antiserum-H and antiserum-Q (antibody or other proteins) adhere non-immunologicaily ' ' to the surfece of chromatophore membrane, so that the sdhereing molecules wili prevent other molecules of antibody from their formation of the immunological ' ' ' complex with the bound enzyme. . ' Cpntrary to the expectation by Yamashita sit g,1!,. (2), the activitiesr•for NADH-02 teductio'n and coupled ATP formation meagured at pH 6.9 and those raeasured (9) at pH 8.0 were inhibited to almost the same extent either by antiserum-H or by antiserum--Q. Values for P12e were essentially the same (O.5 to O.7) for all the reaetions, which were carried out at pH 6.9 and 8.0, and in the presence and absence of the antisera. These results indicate that the respiration by the system involving enzyme-bH and the respiration by gystern involving enzymeeQ were coupled with ATP formation in almost the same efficiency. Yamashita s"t g,1;. (:!) used chromatophores from the wild type strain of !!:.-!!l!2-!!!rubrum, with which the activity for NADH oxidation at pH 6.9 was stimulated in the presence of the energy-trapping system ' (glucose + hexokinase) to a remarkabiy higher extent than that at pH 8.0. However, chromatophores from the blue-.green rnutant strain were used in the present study, in which the•activities at pH 6.9 and pH 8.0 were stimulated only slightly by the addition of the energy-trapping system. Ther,e may be differences in respiratory ' , system between chromatophores from the wild type strain and the imitant strain. Effect of extraction of uinones from chromato hores on NADH-b' 2-:tgsi}lgSi!l-eduction.
The activity for NADH-O reduetion was depressed, when chromatophores were 2 lyophilized. The depression by lyophilization varied to significant extent from one treatment to another, In the case shown in Table IV , approxi!nately two-thirds ' ' Table IV the activity wag depressed. Mrhen purified enzyme-H and enzyme-Q were added simultaneously to lyophilized chromatophores, the depressed activity was restored to the level befere lyophilization. This suggests that, by lyophilization, the system involving enz"fme.H and the system involving enzyme.Q were not influenced except the inactivation of bound ennyme-.H and bound enayme-Q. The restoration by (10) addition of enzyme-H was higher in extent than that by addition of enzyme-Q.
When lyophiiized chromatophores were sujeeted to isooctane extraction, the activity was further depressed. The depressed activity was,significantly restored when the extract was added to the extraeted chromatophores, in a good aceordance with Yamamoto et al. (14), who found that the ubiquinone-10 present in the extraet was --"p-ny"--the effective substance. When purified enzyme-H ' was added to the reconstructed chromatophores, the activity was increased significantly, but not when purified enzyme-Q was added. The activity increased by addition of enzyme-H was remarkably higher in reconstructed chromatophores than in isooctane-extracted chromatophores. of the activity was restored. In reconstructed chromatophores, the activity by addition of enzyme-H was approximately one-third as high in rate as that in' iyophilized chromatephores. It is doubtless that in the system involving enzyme-H, some components other than the bound enzyme-H were also inaetivated by isooctaneextraction and reconstruction. Obviously, the system involving enzyme-Q was also impaired by isooctane.extraction and reeonstructi6n. In reconstructed chromatophores, the activity increased by addition of enzymee.Q was significantly low. However, the•increased activity was usually higher in reeonstructed chromatophores than in isooctane-extraeted chromatophores. It-seems likely that a part of the activity by the system involving enzyme"Q was brought about through the oxidation-reductien . . ' bf the bound quinone. ' . (11) Effect of carbon monoxide on absor tion s ectra of chrornato hore-bound c tochrome B and c tochrome cct.
It is 'known that in chromatopho"es, there are cytochrome s2, eytoehrome sl"t' and cytochrome 2 bound with the membrane (g). In the presence of an appropriate ' concentration of ascorbate, all the cytochrorne s2 is reduced, whereas the other eytochromes remain in the oxidized form. In addition, Kakuno et al. (6) have -----demonstrated that beund cytoehrome E, but not bound cytochrome ssct, is reduced by NADH, whereas bound cytochrome sistLt, but not bound cytochrome g, is reduced by additien of suecinate, in most ehromatophore preparations. The reduced-!!it!}}!Enus.oxidized t"M difference spectra of bound cytochrome E and that of bound cytochrome =t' resernble each other, showing the ct-peak at 561 nrn and the y-peak at 43e nm. It was found -t in ' the present study that the increage in absorbance at 430 nm due to the reduction Table V the chroraatophores in the gample cuvette, the bound cytochreme B of which had been w (12) reduced by NADH to the steady state. In most chromatophore preparations, it was observed that the ct-and y-peaks of cytochrome g were lowered in absorbance, while ' a new peak or shoulder was formed at 421 nm (Fig. ,4) . It seemes likely that the CO-bound cytoehrome E had the y-peak at 421 nm. The ratio in absorbancy of the newlyformed peak (or shoulder) at 421 nm to the remaining peak at 430 nm varied to great extent from one chromatophore preparation to another. With some chromatophore preparations, two-headed y-}peaks were observable. The two difference spectra, "NADH"-minus-ttascorbate't speetrum (A) and "NADH + CO'teminus."ascorbate't (B), were stored in the core memory of the computer, which was directly connected to the recording spectrophotometer through a on-line system. Difference spectra (C) , , obtained by the following equation were then brought out from the eomputer.
(B x 10) -(A x n) = (C x 10) ' ' ' where n = 1,2,3, ---.--,10. The difference spectrim at n = 6 (C6) stiil has a shoulder around 430 mm, whepeas the difference speetrum at n = 8 (Cs) hag a trough at 430 nm. The difference speetrum at n = 7 (C7) shows a symmetric peak at 421 nm, ' which does show neither shoulder nor trough, and appearg to approximate the difference spectrum, ttNADH + COt'.-minus.-'tascorbatett, of the CO-•bound cytochrome. The value, n = 7, indicates that approximately 30% of the peak at 430 nm was converted into the peak at 421 nm. The absorbance of the latter peak was almost equal to the lowered absorbance of the former peak ( Table V) , suggesting that the moJar extinction eoefficients for the two peaks were similar. Repeated measurements of the difference spectra, A and B, showed that the ct-peak at 551 mm was merely lowered in the ' presence of carbon rnonoxide. However, detailed changeS around the ct-and B-peaks v ' have not yet been measured with accuracy. .!n mQst chromatophore preparations, only a shoulder was observed around 421 nm, in some chromatophore preparations, carbon (13) monoxide did not influence the differenee spectrum, Effect of carbon monoxide on the bound cytochrome sLt' reduced by succinate wag essentialiy the same as that en ' the bound cytochrome E reduced by NADH. On the other hand, various activities sueh as photosynthetic and oxidative ATP formations er respirations were examined ẁ ith several chromatophore preparations. The results indicate that the rates of ' NADH-02 reduction and succinate;o2reduction were eompletely independent of the amounts of the cytochromes capable of binding with carbon monoxide. To the contrary, they suggest that higher the activities of chromatophores (more "intact't the ' chromatophores), less in arnount the CO-binding cytochromes. tt may be worth the ' notiee that the ratio in amount of the CO-binding cytochrome g to'the total ' ' ' cytgchrome E was similar to the ratio in amount of the CO-binding cytochrome sst;t to the totai cytochrome s"tt, in the several chroma.Pophore preparations tested <Table V).
DISCUSSION
Soluble enzyme-H, if flavin is added, reacts either with soluble cytochrome g2 or with ocPI (E). However, chromatophore-bound' enzyme-H is functional in the reduction ' ' of cytochrome s2, but not in that of DCPI (9). It was previously reported that when seluble enzyme-H is added to some chrornatophore preparations, whieh are low in content of bound enzyme-•H, the activity for reduction of bound cytochrorne g is E., restotied to the level for ttintacttt chromqtophore preparations (g). It is conceivable, therefere, that enzyme-H, whether bound or added, is able to utilize as the prosthetic group, the flavin, which hais been bound with chromatophore membrane, and that the flavin has been so baried in the memb.rane as to react neither with DCPI nor with soluble ' cytochrome g2. It was found that the rate of oxygen uptake in the presence of (14) NADH by lyophilized chromatophores was depressed to approximately 35P6 when bound quinones were extracted, and that the depressed rate was restored to approxirnately 80SS when the extract was added to the extraeted chromatophereg (Table IV) These results suggest that at least a part of thq a.ctivity for o)cygen uptak.e is ' shown by the system, bound or added enzyme-H ------)b bound flavin (probably, FAD) -"> bound cytochrome E ------b> bound quinone (ubiquinone-10) (Fig. 5) . ' ln most of the chromatophore preparations tested, carbon monoxide couid combine with a part of the bound cytochrome g.in the redueed form (Fig. 4) . The total amount of bound cytochrome E is approximately 7 mrnoleslmole bacteriochlorophyll, remarkably constant among several chromatophore preparations. However, the amount of the cytochrome E capable of binding with ctirbon monoxide varied to a significant extent from one chromatophore preparation to another ; the maximum extent was approximately 35% (Table V) . :n some chromatophore preparatioms, which were high13r active in oxygen uptake by NADH and other act ' ivities involving photosynthetic and oxidative ATP formations, the'bound cytoehrome 2i did not react with carbon monoxide at all. It seems rational to conclude, therefore, that in ttintacttV chromatophores, carbon inonoxide could not get in the heme 'moiety of the bound cytochrome B, andi -that when chromatophore membrane was impaired, the bound cytoehrome E became so (15) naked as to be able to combine with carbon monoxide. It is probable that in "intacVt ' chromatophores, thb oxygen uptake due to the system involving enzyme-H was exhibited by the autooxidinebility of the bound quinone. It was reported in the preceding ' papers (!, .IS!OL) that approximately half the activities of solubie enzyme-H and ' enzyme-Q are inhibited by antiserum.H and antiserum-Q, respeetively. It was found in the present study that approximately half the activity for oxygen uptake by NADH in chromatophores was inhibited either by antiserum•-H or by antigerum-Q (Table Ill) . It is probable, therbfOretthat in chromatophores, approximately half the aetivity for oxygen uptake by NADH was exhibited by the systern involving enzyme-•H, whereas the remainder by the system involving enzyme-Q. Obviously, the system involving enzyme-Q for reduction of DCPI eontained neither bound cytochrome ! nor bound quinone, because the reductions of the cytochrome and quinone were not t Jt influenced by antiserum-Q (.2SO;) and by extraction of bound quinones (Table I & II) .
The system may be as follorks : Bound or added enzymeeQ d--) bound flavin (Fig. 5) .
Perhaps, the bound flavin was the site, which was able to react with molecular ' oxygen as well as with DCPI. The oxygen uptake by the system invoiving enzyme-Q was slightly influenced by extraction-addition of quinones (see the difference between the values for tt+enzyme-Q in isooctane-extracted and reconstructed chromatophores" in Table IV) . It seems likely, therJefore,that, in non"treated ' ' chromatophores, the contribution of the oxygen uptake by the quinone-dependent i systen involving enzyme-Q (do,tt'ed line in Fig. 5 ) to the total oxygen uptake was so slow that the depression of the exygen uptake by antiserurn-Q would be hardly detectable. It may be definite,that both the oxygen uptake by the system invo"ving eniryrne-H and by the systern involving enzyme-Q were coupled with AN' formation in similar efficieneies (Table III) . In addition,•it was found that bound cytochrome cc' nt (16) did not combine with carbon monoxide if chromatophores were 'tintact't. It seems likely that in cells, the respiration is exhibited by the autooxidizability of' ' soiuble cytochrome sLt' present in the cytoplasnic fluid (.L6,.L7,.2Lt), besides the respiration by the membrane-bound respiratory systems described above. T.Horio and J.Yamashita, Biochim.Bio h s. Acta, 88, 237 (1964) .
•pt •-' T. Horio and J.Yamashita, in "Bacterial Photosynthesis'i, ed. by H.Gest, A.San Pietro and L.P.Vernon, Antioch Press, Yellow Springs, Ohio p.275 (1963) . ' T.Horio and C.P.S.Taylor, J.Biol. Chem., jl2490, 1772 Chem., jl2490, (1965 . ' . The oxidatien of NADH measured at pH 6.9 and 2-!t:gs!}!g!agl}.-ApsLl!!!l-!lgmat2gl!-i!Lg!!zg!!A!gR!}g:gEeductlonandATI'fortlonnchoth .
as protein) were incubated with or without normal serum, antiserum-H or antiserum•-Q 1.3 ml of O.1 M Tris-HCI buffer (pH 8.0) ; the ratio in mg protein ef the serum to 2.7. The incubated chromatophore suspension was used for the activity assay.
by molecular oxygen, the uptake of molecular' oxygen and the ATP formation were pH 8.0. The other experimental conditions were described in the text. The standard components ef the reaction mixture were treated or non.treated .
chromatophores (25 nmoles of bacteriochloropbyll) and O.1 M Tris-nc1 bufÅíer <pH 6.9 ' or pH 8.0) to rnake the total volume O.3 ml. In some cases, a purified preparation of enzyme--H (75 "sg) orland a purified preparation of enzyme-Q (160 pg) were added to the reaction mixture as indicated. The other experimental conditions were described in the text. ii'' '' -' '-It' :' '' 'i' 
